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Robert Pitz-Paal German Aerospace Center Cologne, Germany   ABSTRACT Within the European research project SOL2HY2, key components for a solar hybrid sulfur cycle are being developed and demonstrated at pilot scale in a real environment. Regarding the thermal portion, a plant for solar sulfuric acid decomposition is set up and initially operated at the research platform of the DLR Solar Tower in Jülich, Germany. One major component is the directly irradiated volumetric receiver, superheating steam and SO3 coming from a tube-type evaporator to above 1000 °C. At the design flow rate of sulfuric acid (50%-wt.) of 1 l/min, a nominal solar power of 57 kW is required at the receiver. With a flat ceramic absorber made from SiC and a flat quartz glass window, the design is based on lab scale reactors successfully demonstrated at the solar furnace of the German Aerospace Centre (DLR) in Cologne, Germany. A flexible lumped thermodynamic tool representing the receiver, compiled to assess different configurations, is presented in detail. An additional raytracing model has been established to provide the irradiation boundaries and support the design of a conical secondary concentrator with an aperture diameter of 0.6 m. A comparison with first experimental data (up to 65% nominal power), obtained during initial operation, indicates the models to be viable tools for design and operational forecast of such systems. With a provisional method to account for the efficiency of the secondary concentrator, measured fluid outlet temperatures (up to 1000 °C) are predicted with deviations of ±60 °C. Respective absorber front 
temperatures (up to 1200 °C) are under-predicted by 100-200 °C, with lower deviations at higher mass flows. The measured window temperature (up to 700 °C) mainly depends on the absorber front temperature level, which is well predicted by the model.  INTRODUCTION  The hybrid sulfur cycle (HyS) [1] is considered as a promising route for hydrogen production from renewable energy. It consists of two thermal steps to evaporate (1) and decompose (2) sulfuric acid to sulfur dioxide, and an electrochemical step (3) to convert water and sulfur dioxide to hydrogen and sulfuric acid, the latter being recirculated.  
(1) ܪଶܵ ସܱ → ܪଶܱ + ܱܵଷ  Δܪோ = 176 ௞௃௠௢௟ (2) ܱܵଷ → ܱܵଶ + 1 2ൗ ܱଶ  Δܪோ =  99 ௞௃௠௢௟  
(3) 2 ܪଶܱ + ܱܵଶ → ܪଶܵ ସܱ + ܪଶ Δܪோ = 115 ௞௃௠௢௟  1 The theoretical reversible cell potential is approximately one-seventh compared to the conventional low temperature water electrolysis. Thus, the highest share of the required energy for water splitting is input as heat, which can be provided by concentrated solar power (CSP). This enables high thermal process efficiencies (potentially higher than 20%                                                            1 Valid for an assumed operational cell potential of 600mV, as realistic design target for the electrolyzer [2]. 
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annual solar to hydrogen) and, according to process benchmarks as in KOLB et al. [3], the potential for competitive hydrogen production. One key step of the solar HyS-cycle is to effectively couple solar thermal energy to steps (1) and (2), medium temperature evaporation (<400 °C) and the high temperature decomposition (> 800 °C). Previous projects reported on directly irradiated concepts at laboratory scale, tested in the solar furnace in Cologne [4][5]. Evaporation and decomposition take place in two respective chambers with a directly irradiated porous ceramic structure (volumetric receiver), each closed by a quartz glass window. Due to limitations of kinetics and heat transfer in the depth of the honeycomb, the first few centimeters of the structure act as a solar receiver, heating up the incoming gases, while the remaining structure can virtually be considered an adiabatic reactor [6]. This led to an adapted design of the solar demonstration plant with separation of receiver and reactor in order to validate and later optimize both units independently from each other. The plant is being build up and operated at the Solar Tower in Jülich [7] within the European project SOL2HY2.  The plant has a capacity to process up to 1 l/min of diluted sulfuric acid (50%-wt.), corresponding to a heat requirement of the evaporator tubes of up to 60 KW. With irradiation and mass flux densities in the solar receiver of approximately 450 kW/m² and 0.18 kg/sec m², respectively, this is the second known solar sulfuric acid decomposition reactor to be operated at relevant scale and under real environment. The last demonstration took place in 1985: a solar tube type reactor for sulfur trioxide decomposition, made from Hastelloy and arranged in an irradiated cavity, as investigated by General Atomics [8]. At that time, feasibility of this concept was proven for pressure operation up to 10 bar as well [9]. The conversion of SO3 was particularly limited by temperature and thus catalyst activity due to the available materials. Nevertheless, its principle may be of relevance for derived plant concepts with the application of improved materials (SiC), e.g. for directly irradiated tube-type evaporation or even a bayonet-reactor arrangement [10]. A schematic of the new plant configuration is shown in Figure 2. An electrically powered evaporator provides steam and sulfur trioxide from liquid sulfuric acid. The gases are superheated to above 1000 °C in a closed volumetric receiver, which is the subject of the current work. SO3 will then be decomposed in an adiabatic reactor containing iron(III)-oxide (Fe2O3) coated pellets, with expected performance similar as described in [11]. The design of the volumetric receiver required a flexible and easy to handle thermodynamic representation, in order to iteratively investigate geometric configurations, component sizes and operational parameters. For this purpose, a thermodynamic receiver model with lumped elements and a one-dimensional description of heat transfer within the absorber has been compiled and implemented in EES [12]. Irradiation boundary conditions have been determined with an additional raytracing tool considering the heliostat field, the tower, and the receiver geometry. The methodology and results of these 
models are presented and discussed in this paper. A complementary CFD analysis of the receiver has already been reported in [13] and a summary of the receiver design applying CAE tools has recently been presented in [14]. 
 Figure 1: SOL2HY2 solar receiver for superheating of acidic gases  
 Figure 2: Plant set-up including the volumetric receiver with conical secondary concentrator 
NOMENCLATURE  Abbreviations CAE  computer-aided engineering CFD  computational fluid dynamics CSP  concentrated solar power DLL  dynamic link library EES  Engineering Equation Solver PDE  partial differential equation ENEA Italian National Agency for New Technologies, Energy and Sustainable Economic Development DLR  German Aerospace Center HycycleS  materials and components for hydrogen production by sulphur based thermochemical cycles SOL2HY2 solar to hydrogen hybrid cycles  
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Letters ܣ surface area, m² ܣ௏ specific surface area per volume, m-1 ܤ௜ᇱᇱ  luminosity of surface (emission and reflection), W m-2 ܦ diameter, m ܧ௜ᇱᇱ  emitted radiation density from surface, W m-2 ܪ௜ᇱᇱ  incoming radiation density on surface, W m-2 L Eigenvalue, m-1 ሶܳ  heat flux, W ሶܳ ′′ heat flux density, W m-2 ܳᇱᇱሶ ௔௕௦ absorbed heat flux, W m-2 ܶ  temperature, °C ܿ௣ഥ   mean fluid heat capacity, kJ kg-1 K-1 ܿ଴ vacuum speed of light, m s-1 ℎ volumetric heat transfer coefficient, W m-2 K-1 ℎ Planck constant, J s ݇  heat conductivity, W m-1 K-1 ݇  Boltzmann constant, J K-1 ݈  length, m ሶ݉ ᇱᇱ mass flux density, kg m-2 s-1 ݒ velocity, m s-1 ݔ normalized product of wave length and temperature ݖ z-coordinate in absorber (main flowing direction), m  Greek symbols Θ  temperature, K ߙ opening angle of secondary,° ߳௜ emissivity ϵ  porosity or void fraction of the absorber material η efficiency ߣ wave length, m ߩ  density, kg m-3 ߩ  reflectivity ߬  transmissivity ߶௜,௞ viewing factor   Subscripts ݂݂݁ effective  ݐℎ thermal  ݈݋ݏݏ thermal losses ܿ݋݊ݒ convective ݎ݂݁ reflected ݐݎܽ݊ݏ transmitted ݎܽ݀ radiative ݋ݑݐ  outlet stream / outer side ݅݊ inlet stream / inner side ݎ݁ܿ receiver ܿܽݒ cavity  ܾ   bulk material ݂  fluid phase ݏ  solid phase (absorber)   
݅  considered (lumped) element (or surface) ܾܽݏ / 1  absorber ܿܽݏ / 2  casing ݓ݅݊ / 3  window digits indicate considered element surface for radiation heat exchange for better readability ∞  at infinite flow length 
THERMODYNAMIC RECEIVER MODEL The SOL2HY2 receiver is formed by a flat ceramic porous absorber in an insulated cylindrical or conical shaped casing, closed by a quartz glass window. The thermodynamic model considers radiation heat exchange between absorber, window, and insulation. One surface temperature determining radiation is assigned to each entity (lumped representation of each component). Energy balances for each entity furthermore determine heat transport (towards environment as losses or towards the fluid) and inner surface temperature. The implicit coupling to each other via the irradiation heat exchange requires an iterative solving of the system of equations. The model is implemented in EES [12] due to its powerful numerical solver and the availability of diverse species properties and thermodynamic correlation databases, required for the modelling. All necessary modelling simplifications and assumptions are made in a conservative way (e.g. leading to an overestimation of material temperatures or underestimation of efficiency). Transient and stationary solar receiver modelling is a standard design procedure to evaluate the potential of new receiver concepts. Feature of the stationary model described in the present contribution is the coupling of equations describing the heat transfer in a volumetric receiver with radiation heat exchange within a cavity closed by a quartz glass window, and the consideration of effective wave length dependent optical properties of the window. The lumped model is kept robust and might be further discretized by dividing the single element surfaces into zones to evaluate more sophisticated receiver shapes. Modelling of a similarly shaped closed conical cavity has been presented by PIATKOWSKI & STEINFELD [2]. In contrast to the current contribution, the absorber is fully solid and heat is conductively transferred into another reaction cavity. This model however is further discretized and transient. For the development of the SOLREF-receiver, a closed cavity shaped receiver, the tool VORECO has been applied to assess the volumetric absorber surface temperature, discretized into several zones [4]. Further related modelling approaches can be found in [6] (volumetric flow receivers) and [8] (transient modelling of a volumetric receiver with reaction).   
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Optical Properties of the quartz glass window Quartz Glass features a high transmissivity of the solar spectrum (>90%), good mechanical properties up to a diameter size of 600 mm high temperature resistance (<800 °C), low thermal expansion (<0.6 x 10-6 K-1) and thus thermal shock resistance, and good chemical stability. However, tensile stresses must be avoided. Quartz glass already proved to exhibit good performance in previous related projects [5], and is used for the SOL2HY receiver as well. Crucial for the modelling is to consider effective absorption and transmission of irradiation from the solar field and from the receiver cavity (emitted by insulation and absorber). All wave length dependent coefficients are made available by the provider for an arbitrary window thickness, and shown in Figure 3 for 15mm. 
 Figure 3: Optical properties of the quartz glass window for a thickness of 15mm (data from provider). The transmission considers internal and external reflections. 
The integral of Planck’s normalized radiation function ܨ(0, ݔ) universally describes the share of total emitted radiation for given body temperature and wavelength range [19]; ݔ being the normalized product of wave length and temperature: 
ݔ ≡ (ߣ ܶ) ⋅  ݇ℎ ܿ଴   
ܨ(0, ݔ) =  15ߨସ න
݀ݔ
ݔହ (݁ଵ/௫  −  1)
௫
଴   The total or effective transmission of radiation can thus be determined as function of the temperature of the emitting body T as follows (effective absorption and reflection analogous):  
߬௘௙௙(்) =  න ߬(௫) ⋅ ݀ܨ(݀ݔ)ଵ଴   The sum of all effective optical properties naturally remains unity. The procedure is applied to discrete temperature levels between 400 °C and 1400 °C as receiver component 
temperature range of interest. Resulting temperature dependent effective optical properties, drawn in Figure 4, can be regressed via a second order polygon with high precision. This method is thus easy to implement, robust and more precise then the usually applied 2- or 3-band approximation2. The wave dependent optical properties must be available or derived in adequate resolution and regressions must be re-determined for each investigated case (material, thickness).  Table 1 additionally summarizes discrete results for 5777K and 1273K as representative for the sun surface temperature and typical receiver temperature. 
 Figure 4: Resulting effective absorption, transmission, and reflection of radiation for quartz glass window as function of the emitting body temperature.  
Table 1: Resulting effective absorption, transmission, and refection of radiation of quartz glass window arising from the sun or a 1000 °C hot black body. 
Black body temperature 5777K (solar spectrum) 1273 K (representative for receiver) Total transmission 90.8% 48.8% Total absorption 2.6% 48.0% Total reflection 6.6% 3.2%  
Global balances and re-radiation  To determine the effective heat losses of the closed receiver, the geometry and re-radiation must be taken into consideration: radiation from the absorber will only partially leave the system; a considerable amount is reflected and absorbed by the insulation and window. Both in turn emit radiation into the cavity – partially facing the absorber.  
 
                                                           2 For an absorber front temperature of 1400 °C, a 2-band approximation yielded window temperatures differing by more than 180 °C, when the limit wave length was varied between 2.6 and 3.8 µm. 
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 Figure 5: Lumped elements forming the receiver cavity. Left: overall energy balance. Right: energy balance within the cavity with re-radiation as exclusive heat transfer mechanism. 
The overall energy balance describing the receiver system is depicted in Figure 5. At nominal operating conditions (absorber front temperatures higher than 1000 °C) radiation is assumed to be the dominant mechanism to transfer heat from one element to another. Therefore, heat transport by conduction and convection within the cavity is neglected in the current approach. Heat streams and body temperatures are calculated iteratively by interconnected sub-models representing window, insulated casing, and absorber as lumped elements. Assuming grey and non-specular bodies, the enclosure method [20, 21] is applied to determine the effective radiative heat vectors as depicted in Figure 5:   ܪ௜ᇱᇱ =  ෍ ܤ௞ᇱᇱ ⋅  ߶௜,௞௞   
ܤ௜ᇱᇱ =  ܧ௜ᇱᇱ + ෍  ߩ௜  ⋅  ܤ௞ᇱᇱ ⋅  ߶௜,௞
௞
  
ሶܳ ௜ =  (ܤ௜ᇱᇱ − ܪ௜ᇱᇱ) ⋅ ܣ௜   Illustration and equations taken and adapted from [20]  Given the simplified geometry of the receiver (cylindrical or truncated cone), the corresponding viewing factors ߶௜,௞ are dynamically determined in the code in order to enable varying diameter and interspace between absorber and window. The geometrical configuration is represented by two parallel circular surfaces with common middle axis. The corresponding viewing factors are determined according to [20].  All incoming concentrated solar power (CSP) heat is either absorbed by the process fluid or lost through the housing or the quartz glass window.  ሶܳ஼ௌ௉  = ߂ ሶܳ௙ + ሶܳ ௟௢௦௦  ܳ ሶ ௟௢௦௦  =  ሶܳ ௟௢௦௦,௪௜௡ +  ሶܳ ௟௢௦௦,௖௔௦  ߂ ሶܳ௙ =  ሶܳ௙, ௢௨௧ −  ሶܳ௙, ௜௡ = ሶ݉ ⋅  ܿ௣ഥ ⋅ ߂ ௙ܶ   Energy losses over the housing consist of convective and radiative heat. Energy losses over the window are the reflected amount of radiation as coming from the solar field, convective heat losses at the window surface, the radiation of the hot window towards environment, and the sum of transmitted radiation as determined by radiation exchange within the cavity.  
Since no reaction is assumed to take place within the receiver, its thermal efficiency as central measure is defined as  
ߟ௧௛ = ߂ ሶܳ௙ሶܳ஼ௌ௉  The sub-balances for the components are described in the following.  
Heat loss of insulation and casing Heat transport through inner and outer insulation is considered straightforward via steady conduction through multiple layers in a cylindrical geometry in radial direction only. The metal casing is considered an ideal heat conductor. In case of conical shapes of the receiver, a mean outer and inner radius is used. The equations are coupled with the radiative and convective heat losses at the outer shell as well as with the re-radiation balance in the cavity via the corresponding surface temperature. 
Energy balance of window The energy balance over the quartz glass window as shown in Figure 6 takes into account convective heat losses at the outside surface and radiation terms considering reflection transmission and absorption. Convective heat transfer at the inner side is neglected. 
 Figure 6: Energy balance over the lumped window entity 
The coupling term to the energy balance in the inner cavity described by radiation heat exchange (−Qሶ ଷ) already considers the reflected amount of irradiation coming from the cavity, as well as the emitted radiation into the cavity (see Figure 5). The net incoming heat flux is thus fully transmitted or absorbed. The summary of all heat lost from the window is  ሶܳ ௟௢௦௦,௪௜௡ = ሶܳ஼ௌ௉,௥௘௙ + ሶܳ௪௜௡,௥௔ௗ + ሶܳ௖௔௩,௧௥௔௡௦ + ሶܳ ௟௢௦௦,௖௢௡௩,௢௨௧  and the energy balance on the window is ሶܳ ௟௢௦௦,௪௜௡ +  ሶܳ஼ௌ௉,௧௥௔௡௦ = ሶܳ஼ௌ௉ −  ሶܳଷ  
ܤ௜  
ܪ௜  
ሶܳ ௜  
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The window’s temperature dependent heat terms depend on window surface area, and its temperature. Emissivity and the outer heat transfer coefficient are assumed as a fixed value. ሶܳ஼ௌ௉,௥௘௙  and ሶܳ஼ௌ௉,௧௥௔௡௦ are the net concentrated solar radiation as coming from the heliostat field reflected or transmitted through the window. The respective coefficients are found in Table 1, and absorbed solar power is considered implicitly. The crux of the procedure is the determination of the radiation from the cavity transmitted through the window. Heat flux incoming from the cavity ܪଷᇱᇱ consists of two shares assigned to absorber and insulation surface. Analogous, these terms are valued with the effective transmissivity ߬௘௙௙ ௜,௞  as determined above (Figure 4):  ܪଷᇱᇱ = ܤଵᇱᇱ ⋅  ߶ଷ,ଵ + ܤଶᇱᇱ ⋅  ߶ଷ,ଶ   ሶܳ௖௔௩,௧௥௔௡௦ = ൫ܤ1′′ ⋅  ߶3,1 ⋅  ݂݂߬݁ 3,1 +  ܤ2′′ ⋅  ߶3,2 ⋅  ݂݂߬݁ 3,2൯ ⋅ ܣଷ   
Energy balance of absorber The core of the one-dimensional description of heat transfer in the porous absorber is the analytical solution of following simplified coupled partial differential equation (PDE) system describing conservation of energy for the porous solid and the fluid: 
0 = ℎ ⋅ ܣ௏  ൫ ௙ܶ − ௦ܶ൯ + ݇௘௙௙  ݀ଶ ௦ܶ݀ݖଶ   
ሶ݉ ᇱᇱ ⋅  ܿ௣ഥ ݀ ௙ܶ݀ݖ =  ℎ ⋅ ܣ௩ ( ௦ܶ − ௙ܶ)  The term ℎ ⋅ ܣ௏  can be interpreted as a volumetric heat transfer coefficient, which is determined via a Reynolds-Nusselt correlation derived from experimental investigations of different materials and morphology applicable for volumetric receivers [22]. The equations are coupled through the heat transfer between the solid and the fluid. In contrast to the solution of a similar PDE system by HOFFSCHMIDT [23], effective heat conductivity in the solid structure is considered here. Major physical simplifications still concern the heat source distribution due to penetrating radiation and heat transport mechanisms in the solid material. The effective heat conductivity in the material is approximated by scaling with porosity: ݇௘௙௙ = ݇௕ (1 − ߳) . Heat transport by re-radiation could be considered by adapting ݇௘௙௙  in future works. The conductivity of the fluid is of much lower order compared to heat transport by convection. The solution is based on the transformation into three PDEs of first order by the introduction of an auxiliary variable 
ߛ =  డ்ೢడ௭ , the determination of the corresponding characteristic polynomial and its three Eigenvalues [24]. Three boundary conditions concerning the known fluid inlet temperature at absorber inlet, the solid temperature gradient at z=0, and 
thermal equilibrium for infinite flow length are applied to solve the resulting equation system:  ห ௙ܶห௭ୀ଴ = ௙ܶ,଴  
ฬ݀ ௦ܶ݀ݖ ฬ௭ୀ଴ =
ܳᇱᇱሶ ௔௕௦݇௘௙௙   | ௦ܶ|௭→ஶ =  ห ௙ܶห௭→ஶ  The resulting analytical solution describes the fluid outlet temperature and absorber temperature for given absorbed power, mass flux density and fluid inlet temperature as function of the flow length:  
௙ܶ = ௙ܶ,଴ + ܳ′′ሶ ௔௕௦ሶ݉ ᇱᇱ ⋅  ܿ௣ഥ ⋅  (1 − ݁௅⋅௭) 
௦ܶ = ௙ܶ,ஶ − ܳᇱᇱሶ ௔௕௦݇௘௙௙ ⋅
1
ܮ ⋅ ݁௅⋅௭  L is the relevant Eigenvalue of the characteristic polynomial (equal or lower than zero), its unit being m-1: 
L = − 12 B෡ − ඨ൬
1
2 B෡൰
ଶ + A෡ 
A෡ describes the ratio of the ability to transfer and conduct heat 
in the solid; A෡ = ୦⋅୅౒୩౛౜౜ . ܤ෠  represents the ratio of the ability to transfer heat to the fluid and its ability to absorb it; B෡ = ୦⋅୅౒௠ሶ ᇲᇲ⋅ ௖೛തതതത. The resulting temperature course for a nominal operational case is shown in Figure 7 with a net absorbed heat of approximately 25 kW and other parameters as given in Table 2. The volumetric heat transfer coefficient varies between 25 and 50 kW K-1 m-3 between absorber inlet and outlet due to the increasing velocity while the fluid is heated up within the absorber and the temperature dependent properties. Two principal methods to consider the z-dependence of the heat transfer coefficient are conceivable: (1) a constant value is applied, (a) for conditions at the absorber front, (b) for conditions at the absorber outlet, (c) a mean value, or (2) the value for each position is applied as representative for the current run length. Approach (1a, broken lines) yields a longer run length to reach thermal equilibrium. Approaches (1b and 2, dotted and continuous lines) deliver quite close results and are considered as most reasonable. For this investigated case, the approaches do have a negligible impact on absorber front and fluid outlet temperature, and thus on the overall receiver model, if the absorber thickness is appropriately chosen to ensure thermal equilibrium at the outlet. 
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 Figure 7: Resulting temperature course of solid and fluid in the absorber. Three approaches to consider the z-dependent heat transfer coefficient are shown. 
Naturally, this system can be applied to swap any free or fixed variable, or to rapidly estimate fluid outlet temperature (assuming that thermal equilibrium is reached at the outlet of the absorber; →  ∞ ) or absorber front temperature (ݖ = 0). The fluid outlet temperature is then plausibly reduced to a simple overall energy balance, and the solid temperature at the front depends on the ability of the material to transfer heat into the depth and to fluid. 
௙ܶ,ஶ = ௙ܶ,଴ + ܳ′′ሶ ௔௕௦ሶ݉ ᇱᇱ ⋅  ܿ௣ഥ  
௦ܶ,଴ = ௙ܶ,ஶ − ܳᇱᇱሶ ௔௕௦݇௘௙௙ ⋅
1
ܮ  The model does not account for the penetration of radiation into the depth of the porous structure. Due to the mathematical assumption that all heat is absorbed at z=0, the front wall temperature is overestimated and the fluid outlet temperature correspondingly underestimated; which is compatible to the requirement of conservative design (v.s.).   Simplified measures for the thermal efficiency of the absorber, described by fluid and solid properties only, can be derived from these equations, e.g. the ratio between the rise in fluid temperature and the difference between fluid outlet and absorber front temperature.   
Irradiation The terms ܪ௜ᇱᇱ describing the radiation heat exchange are extended to couple to the CSP heat transmitted through the window, powering absorber and the inner insulation. The transmitted CSP radiation partially hits absorber (1) and inner insulation (2), resulting in:   
ܪଵᇱᇱ =  ෍ ܤ௞ᇱᇱ ⋅  ߶ଵ,௞ + ሶܳ஼ௌ௉,௧௥௔௡௦ ⋅  ߜ஼ௌ௉ܣଵ௞   
  
ܪଶᇱᇱ =  ෍ ܤ௞ᇱᇱ ⋅  ߶ଶ,௞ + ሶܳ஼ௌ௉,௧௥௔௡௦ ⋅  (1 − ߜ஼ௌ௉)ܣଶ௞   ߜ஼ௌ௉ gives the fraction of solar energy transmitted through the window that is incident on the absorber, while the remainder is incident on the receiver walls:  ሶܳ஼ௌ௉,௧௥௔௡௦ =  ሶܳ ஼ௌ௉,ଵ + ሶܳ ஼ௌ௉,ଶ  
ߜ஼ௌ௉ = ሶܳ஼ௌ௉,ଵሶܳ஼ௌ௉,௧௥௔௡௦  The factor was determined from raytracing calculations described below, and is naturally influenced by receiver geometry, amount of active heliostats, sun position (date, time), and other factors. 
Studies with receiver model and results   Operational and design parameters can freely be varied in order to investigate different configurations and cases. The impact of geometry and tuning factors (heat transfer coefficients, incident radiation on absorber) on material temperatures and efficiency was iteratively analysed during the design phase. Parameter variations yielded that for the chosen absorber morphology and properties (siliconized silicon carbide (SiSiC), 20 ppi, approximately 80% porosity), an absorber thickness of 0.04 m guarantees thermal equilibrium between fluid and solid, even at the most extreme expected conditions and worst case approaches. The final set for the nominal operation with 1 l/min of sulfuric acid is summarized in Table 2.  Table 2: Final geometry and nominal operating conditions of the receiver after iterative parameter studies. 
 
Variation of the diameter while keeping a cylindrical shape has already been shown and discussed in [13]: a diameter of 0.4m provided a good trade-off between expected homogeneity of mass and irradiation flux, thermal efficiency, and maximum material temperatures. An alternative variation of window and absorber diameter, implying open or closed cavity shapes, 
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naturally showed a more pronounced impact on temperatures and receiver efficiency. However, the option to increase the thermal efficiency by a closed geometry was rejected, since the cylindrical shape features better mountability and a higher degree of flux homogeneity. This configuration also exhibits a satisfactory robustness against changes in the fraction of solar irradiation incident the absorber ߜ஼ௌ௉ [13]. An even mass flux distribution was confirmed by CFD methods with a cavity length of 0.2 m [13]. With this geometric configuration and at nominal conditions, outer heat transfer coefficients above 50 W/m²K yielded window temperatures below 800 °C, which is a conservative design limitation for fused silica [25]. This corresponds to moderate forced convection, which is realized via 12 air nozzles circumferentially placed between window flange and secondary concentrator in the final design of the system. Given the final parameter set as in Table 2, an operational base line receiver characteristic to provide an outlet temperature of 1000 °C is shown in Figure 8. The required incident solar power and resulting material temperatures and thermal efficiency is given as function of the sulfuric acid mass flow. The nominal operating conditions of 1 l/min and 57 kW on aperture (mass and irradiation flux density of 0.18 kg m-2 s and 450 kW m-2, respectively) are an order of magnitude higher compared to the preceding project HycycleS [5], and close to conditions for industrial operation [6].  
 Figure 8: Operational characteristic of required incident CSP power on window and material temperature to raise the fluid temperature from 400 °C to 1000 °C. 
RAYTRACING MODEL Complementarily to the thermodynamic receiver model, a raytracing analysis has been performed with the in-house tool STRAL [26] to accomplish several related tasks, the most crucial being:   Predict required heliostats during the solar tests for desired intercept power  Optimize receiver geometry and positioning 
 Analyse and set design parameters for the secondary concentrator  Check adequateness of heliostat selection algorithm at different power levels and times  Provide realistic boundary conditions for the thermodynamic receiver model (v.s.) and CFD model [13]  The DLR Solar Tower in Jülich [7] is located at 50.913° latitude north (longitude 6.388°). Its heliostat field including optical properties based on deflectometric data and the tower geometry are available as libraries for STRAL; the raytracing can thus be processed for an arbitrary flat shaped aperture at any position on the tower and tilt angles. The model is extended via an additional DLL, in which the receiver geometry implemented for further ray-processing. The module is written in C++ and based on existing codes enabling multi-core processing. The implemented geometry of the receiver and secondary (Figure 9) is represented by a total of nine planes. The raytracing algorithm is mainly based on identification of hit secondary surface, line-plane intersection, reflection and extinction. It considers the free arrangement of each plane in space to freely vary the length of receiver cavity ݈௥௘௖, the diameter of the absorber ܦ௔௕௦, the diameter of the window ܦ௪௜௡, the aperture size of the secondary ܦ௔௣ , and its opening angle ߙ. The cylindrical inner insulation surface is not explicitly modelled, since all rays penetrating the receiver either hit the absorber or the insulation. The lumped model accounts for the energy fraction on the absorber (see above), and the CFD model [13] requires the irradiation distribution at the window, further processing all rays itself. Six planes are arranged to form the secondary. In a latter phase of the project, it was decided to apply a conical shape, but the available hexagonal model can still represent the conical shape as good approximation. 
 Figure 9: Implemented geometry of the receiver for ray processing in STRAL [26] 
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Studies and results of raytracing model The raytracing model allowed for optimizing receiver and secondary geometry in order to reach the most homogeneous radiation flux densities and highest possible incident fraction on the absorber, together with a reasonable reduction of required heliostats. The premise was keeping the secondary shape simple, in tune with the pragmatic receiver design; both are not optimized in terms of optical and thermal efficiency for the demonstration. Among the considered parameter range and for discrete cases regarding date, time and DNI (consistent to the test campaign schedule), an aperture diameter of 0.6 m and an opening angle of 25° yielded a reasonable compromise between reduction of required heliostats, size of the secondary and improvement of homogeneity and incident fraction on absorber. A tilt angle of 16° was found to provide the best symmetry and thus lowest deviations between maximum and minimum irradiation flux on the absorber. Deviations from the receiver geometry as derived with the thermodynamic model – such as modifying the cavity length or absorber diameter – were not found to provide crucial improvements. In addition, CFD analyses [13] showed the importance of the radiation distribution from the solar field on temperature distributions and overall thermal performance of the receiver, likely making small changes to geometry insignificant. Figure 10 shows the irradiation flux distribution in the receiver cavity for the final secondary and receiver geometry, and close to nominal power of 57 kW (63 kW on window). Shown are two curves along the horizontal and vertical cut. Mean values for incident flux on the window, absorber, and insulation are additionally marked. This calculation is performed with worst case assumptions regarding time (end of October, 13:00) and DNI (650W/m²), with 583 heliostats focused on the target. Active heliostats, as shown in Figure 13, are chosen via a simple cone-plane intersection algorithm. For this case, the concentration factor of the secondary is 1.68, and the share incident on the absorber ߜ஼ௌ௉ is 0.62. 
 Figure 10: Irradiation flux distribution in the cavity for final geometry and nominal operation (worst case time / DNI scenario). 
 Additionally, the model provided the input to determine appropriate cooling methods of the secondary, such as absorbed heat and possible hot spots. It was found that absorbed heat flux is 25 kW/m² for the final secondary geometry at nominal irradiation, and hot spots due to multi-reflection only occur for larger sizes of the secondary. Convective cooling with air jets has been considered as thermodynamically feasible, but water cooling was assessed as the operationally more robust option. The latter is realized by a second steel sheet forming a circumferential gap, and the cooling water is routed by a tack welded copper coil between the metallic layers. 
PLANT COMISSIONING Pilot plant setup was finished in 2015 and a total of four on-sun test runs were performed. The most representative test is shown in Figure 11: The plant was operated with air and water up to 600 ml/min, with maximum incident power on secondary aperture of 49.5 kW, obtained during this day with 322 active heliostats (see also Figure 13). This corresponds to 65% of nominal power with 1 l/min acid as described above (compare to Figure 8). The incident power is measured discretely at aspired operational conditions with a moving bar system [27], when long term steady state values of absorber front and outlet temperatures were approached. Due to temporal variations in irradiation conditions, short term fluctuations in temperature are always present over the long term steady values, as shown in Figure 11.  The trends of three exemplary temperature measurements are shown: 1) Maximum temperature from a total of 8 thermocouples located at 1/3 of the absorber depth. 2) An infrared camera system located in the field at 85 m distance additionally measures the absorber front temperature via an optical filter for 2.4 µm wavelength. 3) Another sun-blind broadband filter is used to measure the window temperature. Window and absorber temperature are measured alternatingly due to the required filter change. However, the maximum temperature measured in the absorber by means of thermocouples was found to closely represent the infrared measurements of the absorber front temperatures (compare Figure 11).   Preliminary validation of receiver model The operational point with highest mass flow and incident power in Figure 11 (600 ml/min and 49.5 kW on aperture) is reproduced with the raytracing model, shown in Figure 12. The irradiation flux measured with the moving bar system (left) and the predicted flux map (right) correspond well, both quantitatively and qualitatively. The focal point during the test is shifted downwards by 10-20cm. In the marked region of interest (secondary aperture), the shapes of the flux distribution are in good agreement with deviations below 10 kW/m² or 7%.  
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 Figure 11: Initial operation in October 2015; water operation with up to 600 ml/min and incident power up to 50 kW on the aperture. 
 Active heliostats are shown in Figure 13 for the same operational point. Note that some heliostats within the active region were not available during the test, e.g. due to simultaneous calibration works. The algorithm to choose the active heliostats during the test is based on a simple cone-plane intersection with given tilt angle of the receiver (16°). The “viewing angle” of an observer viewing through the receiver window is increased (up to approximately 50°) with the power requirement.   Appropriate operational points of the presented solar test run were eventually re-simulated with the thermodynamic model. The most crucial parameters of interest, impacting performance and functional integrity of the receiver, are the temperatures of the window, of the absorber front, and of the fluid at the absorber outlet.  
   Figure 12: Irradiation flux density measured with the moving bar system (left) and recalculated with STRAL (right) for the considered operational point. Region height x width (1.3 x 0.865m) corresponds to 285x189 pixels in the measurement and a resolution of 72 x 48 in the calculation. 
 
 Figure 13: Active heliostat field during the considered operational point; based on a cone-plane intersection algorithm / availability. 
A correction factor to consider the optical efficiency of the secondary – the ratio between incident power on the aperture and the incident power on the window – was derived by a comparison of measured and calculated incident power while keeping the fluid outlet temperature equal. Mass flows lower than 400 ml/l were excluded assuming that the measured fluid outlet temperature is considerably impacted during heating up or cooling down of the receiver by radiation in the manifold, since fluid and material will not be in thermal equilibrium. The correction factor was found to vary between 0.8 and 0.65, reasonably decreasing with increasing intercept power (broader active mirror field). A preliminary constant factor of 0.75 yielded a good agreement of the outlet temperatures, with maximum deviations of ±60 °C for operational points with 150-300 active heliostats. This is shown in Figure 14 (triangles), as well as the resulting coincidence of the absorber front temperature (circles) between model (abscissae) and experiment (ordinate). Against design intention as described above, the absorber front temperature is underestimated by the model; apparently with systematic deviation between approximately +200 °C (at lower temperatures) and +100 °C (at higher temperatures), except for one operational point. A visual inspection of the absorber during assembly found several pores to be clogged, which is one possible explanation of higher maximum front temperatures than expected. Deriving the optical efficiency for each operational point with the raytracing model might yield more precise results and partially address the systematic deviation.  An almost linear characteristic between the maximum measured window temperature and maximum measured absorber temperature was identified as shown in Figure 15. Other dependencies on mass and irradiation flux are small, and the trend is hardly impacted by the fact that all non-steady operational points are shown as well. The window temperature is thus dominated by radiation and re-radiation (i.e. by the absorber front temperature) and the inner heat convection shows a small effect, at least with the experimentally reached mass flows. Two calculated characteristics for different water mass flows (0.3 and 1.2 l/min) show a similar trend. With lower mass flows, respective absorber front temperatures are reached at lower irradiation (and thus lower absorber CSP power indicated by the circle size), yielding a slightly lower window 
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temperature. The modelling assumptions to estimate the window temperature are thus confirmed twofold. First, radiation is the dominant mechanism and the resulting relationship between absorber and window temperature might be useful for further simplified design approaches. Second, the model over-predicts the window temperature as intended for conservative design. However, the model shows a stronger dependency on the absorber front temperature than measured (larger slope). Possible reasons will be investigated in a deeper validation when operational data with nominal irradiation and mass flow up to 1 l/min of sulfuric acid is available. Internal convective cooling will impact the gradient of the relationship. Also note that the absorption of the CSP irradiation is currently set to 5%, being almost double of the determined value (see Table 1). 
 Figure 14: Direct comparison of measured against simulated values: Fluid outlet temperature ࢀࢌ,࢕࢛࢚ (considering a constant factor for optical secondary efficiency of 0.75) and absorber front temperature ࢀ࢙,૙. The line indicates exact agreement. 
 
Figure 15: Window temperate ࢀ࢝࢏࢔ measured during solar operation (all available data) and predicted by the model for two mass flow cases as function of the absorber front temperature ࢀ࢙,૙ or ࢀࢇ࢈࢙,࢓ࢇ࢞, respectively. 
CONCLUSION AND OUTLOOK The SOL2HY2 volumetric receiver for solar superheating of evaporated sulfuric acid to above 1000 °C is a core component of the demonstration plant built at the DLR Solar Tower in Jülich. A lumped thermodynamic model was set up to analyze different configurations and derive operational parameters of the receiver. Crucial physics – heat transfer in the absorber, radiation heat exchange, temperature dependent effective optical properties of the window – are implemented mathematically robust. All variables can be fixed or kept free depending on the subject of investigation. A first comparison with experimental data obtained during initial on-sun operation shows the thermodynamic lumped model to be a viable tool for design and operational predictions. The main measures of interest – impacting functionality and efficiency – are the component temperatures (window, absorber) and the fluid outlet temperature. Additionally, a raytracing model has been established to provide the irradiation boundaries and support the design of a secondary concentrator. Available libraries to model heliostat field and tower forecasted operational irradiation on the receiver aperture with less than 7% deviation in the region of interest in the first sample. For the simple conical geometry, an aperture diameter of 0.6 m and an opening angle of 50° yielded the best compromise between reduction of required heliostats, optical efficiency, and size of the secondary.  With a provisional approach to account for the efficiency of the secondary with a constant value of 0.75 as derived by tuning of the fluid outlet temperature, window and absorber temperature as predicted with the thermodynamic model coincide in a very satisfactory manner with the measurements, taking into account the conservative design approach. An absorber front temperature of 1200 °C was reached at maximum power and mass flow of 50 KW (at secondary aperture) and 600 ml/min water; 100 °C higher than predicted with the model. The respective deviation decreases with increasing power levels. Despite higher absorber front temperatures – possibly due to clogged pores in the ceramic foam – the operational temperature of the window has still been overestimated, which was intended for a conservative design. The window temperature has a direct relationship with the absorber front temperature. At an absorber temperature of 1200 °C, the measured glass temperature was below 700 °C; 100 °C lower than predicted. The model shows potential for improvement to better reflect the relationship between glass and absorber temperature. A deeper validation will be performed with pending operational data at higher mass flows and irradiation flux, including the comparison of side wall temperatures to account for less significant loss mechanisms. Aspired nominal mass flow is 1 l/min of sulfuric acid, superheated to 1000 °C by 57 kW incident power at the window (estimated 76 kW at secondary aperture).  The SOL2HY2 receiver is kept robust with a flat ceramic porous absorber in an insulated cylindrical casing closed by a 
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quartz glass window. Main purpose is to prove feasibility of high temperature superheating in a closed volumetric receiver and adiabatic decomposition reaction, demonstrated at relevant scale in a real operational environment. More complex receiver and secondary geometries, optimized for optical and thermal efficiency, will be considered for future projects. The presented models as well as more sophisticated dynamic models as reported in [6] will be adapted accordingly, e.g. considering different boundaries and viewing factors of a cavity design. A coupling to overall process models as reported in [28] will allow analysing yearly yields and costs of a directly irradiated, solar HyS-process. One target is to perform a direct benchmark of directly irradiated and indirectly heated and solar concepts. Modelling approaches for the latter case are reported by CORGNALE AND SUMMERS [29] and CONNOLLY et al. [30]. 
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